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Abstract 
Nuclear power stations are very capital intensive and need high load factors for economic operation. They and plants used for 
waste management and fuel cycle operations present unique challenges for operation, maintenance and repair constrained by 
hostile environments, shielding and radioactive contamination. It is therefore not surprising that this area was chosen for one of 
the first feasibility studies commissioned by the EPSRC Centre for Innovative Manufacture in Through-life Engineering 
Services. This paper summarises the outcome of that feasibility study. The main issues on materials and component degradation 
are described for current and future nuclear systems. The focus was on UK nuclear plant, in order to maximise industrial 
involvement and access to operational data, but the study is equally applicable to all nuclear plant around the world and there is 
scope for international collaboration. Recommendations are made on how degradation can be monitored and the specific 
challenges of the nuclear environment. Data management and processing are both key to implementation of optimised operation 
and maintenance and the decisions on repair and replacement of components. This information is also critical in establishing 
operational safety cases and applications for life extension and ultimately it also has to be used in new designs so that the 
economics of the plant can be optimised on the basis of through-life costs. Recommendations are made for future research 
programmes. 
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1. Introduction 
The nuclear industry shares many design and operational 
issues with other safety-critical industries, including 
aerospace, defence, process and other energy. However, the 
nuclear industry also has some unique issues that make it a 
special case, with its own culture and community. 
 
x The radiation and contamination hazard: nuclear reactors, 
fuel cycle and radwaste facilities contain radioactive 
materials that need to be shielded from people and 
contained to prevent contamination or ingestion. 
x Neutrons from operating reactors and gamma radiation 
from irradiated fuel and radwaste can degrade materials 
and cause premature failure of containment through 
embrittlement and corrosion. Radiation effects can also 
interfere with the operation of components and structures 
through a range of radiolysis and radiation damage 
processes. 
x The need for containment and shielding means that access 
to plant for maintenance or monitoring is difficult and 
requires special measures. 
x The high capital cost of nuclear plant means that very high 
availability and operating capacity needs to be maintained 
for the plant to be economic. Issues relating to fuel 
behaviour in current power reactor designs also make 
variable power operation undesirable. 
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Project SC002 was one of several feasibility studies 
commissioned by the EPSRC Centre for Innovative 
Manufacturing in Through-Life Engineering Services 
(referred to as the TES Centre in this paper). This project 
aimed to investigate where the centre can add-value to UK 
nuclear manufacturing, not just for nuclear power stations but 
also for fuel cycle and waste management activities.  As a 
first step the study reviewed the UK nuclear industry to 
identify who are the relevant organisations and what are the 
issues related to plant life management.  Involvement of the 
UK nuclear industry is essential as the issues are specific to 
plant operation and any future projects will have to be in 
collaboration with industry. There is, however, a lot of scope 
for international collaboration.  The results were presented in 
a Preliminary Report, issued at the end of 2011 [1]. The study 
then focused on at how the TES Centre might make a 
contribution to the nuclear industry by both transferring 
developments in other safety critical sectors and development 
of specific technologies. Opinions were sought from the 
relevant industry and academic organisation in the UK. The 
final report was issued in May 2012 [2]. 
2. Current capabilities and needs in the UK nuclear 
industry 
The severe environment, not only from radiation but also 
in terms of the chemistry, thermal and mechanical loadings, 
coupled with difficulty of access and the costs of downtime 
make degradation, from environmental cracking, 
embrittlement, corrosion, fatigue, wear and other processes, a 
dominant concern in design and operation of not only reactor 
plant but also fuel cycle and waste treatment plant. In earlier 
reactor designs major issues on degradation were discovered 
during operation of the first plant, often after some critical 
period of operation. The resulting problems in controlling or 
repairing the problems were costly and in a few cases resulted 
in the plant being closed down. 
In nuclear power stations the plant is usually divided into a 
“civil” side with steam turbines and electricity generators and 
the Nuclear Steam Supply System (NSSS) that consist of the 
nuclear reactor and the associated steam circuit pipework and 
safety systems. The former shares the same issues as fossil 
power plant and was not covered in this study. The latter 
presents a wide range of through-life engineering issues, but 
three areas are of particular concern on degradation: (i) the 
reactor core internals that suffer the higher neutron fluxes and 
may suffer dimensional changes and embrittlement from 
radiation damage; the reactor pressure vessel is the primary 
containment and is subject to some degree of irradiation 
embrittlement and environmental cracking at welds and 
penetrations; (iii) environmental cracking of the pipework and 
pressure vessels in the primary coolant and steam circuits. A 
recent review discusses these issues in detail [3]. In addition 
there are issues relating to pumps and valves in the coolant, 
steam and emergency cooling circuits. Fuel cycle and waste 
treatment plant also share issues on pipework, containment 
vessels, valves, pumps and transfer systems, as well as 
process specific issues. 
In modern plant most of these issues are now understood, 
but the actual plant life can be very sensitive to minor 
variations in materials composition or exact manufacturing 
history of the components. Research centres serving the 
electricity industry and some nuclear engineering companies 
are compiling extensive data bases of experience on 
component life and degradation. A report summarizing all the 
national programmes can be found in ref. [4]. The ability to 
monitor degradation during operation is at the moment limited 
but interest is growing, as demonstrated by several condition 
monitoring technologies included in a report on feasibility 
studies funded by the UK Technology Strategy Board (TSB) 
[5]. 
In 2009 the TSB undertook a review of UK nuclear R&D 
capabilities, part of which was an assessment of strengths and 
weaknesses relevant to requirements [6]. Fig. 1 summarises 
the results.  It concluded that UK capabilities on materials and 
 
Fig. 1. Potential of UK R&D capabilities for commercial exploitation, taken from TSB UK nuclear R&D study [5]. 
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structural integrity are high but the areas of design and 
operation optimisation, and outage management are 
weaknesses, despite being an area of high priority and 
potential. In preliminary discussions with the academic and 
industrial organisations it was confirmed that this is 
recognised and will be reflected in future project bidding to 
EPSRC and that relevant bodies would welcome the 
contribution that the TES Centre might make. 
3. Capabilities of the TES Centre relevant to nuclear 
problems 
The study concluded that the TES Centre could best 
support the nuclear sector by addressing the following 
activities: 
x Establishing the value added by integrated maintenance; 
x Evaluating the contribution to degradation monitoring and 
assessment in material- and plant-specific focussed 
problems; 
x Creating sensing and monitoring approaches for in-situ 
assessment of specific degradation processes; 
x Demonstrating models capable of monitoring the 
degradation processes in operating plants. 
 
The expertise for these in the TES Centre is to a large 
extent derived from the capabilities of the Manufacturing and 
Materials Department in the School of Applied Sciences of 
Cranfield University and the Centre for Micro Electronics at 
Durham University. In addition Cranfield University has 
specific expertise in the School of Engineering and the School 
of Security and Defence at Shrivenham.   In general this can 
be developed in two distinct ways to engage the nuclear 
sector, namely Research and Consultancy. 
3.1 Research Opportunities 
 There is a large opportunity to develop new ways of 
sensing and managing degradation and to develop the 
software tools for data management and optimising designs to 
minimise overall costs throughout the life of the plant. 
x Degradation Management Research Projects - Novel 
models to describe the maintenance function, with the 
intent of optimising through life maintenance costs. 
x Novel methodology for assessing the Life Cycle Costs 
(LCC) of degradation. – LCC and obsolescence; risk 
management; software tools; harvesting cost reduction; 
multi-objective optimisation recognising the critical role of 
safety; digital preservation. 
x Novel sensors and sensing technology – development of 
cheap and robust wireless sensors based, enables a large 
number of sensors that could be integrated into the design 
and operation of nuclear systems. This would provide a 
significantly greater volume of data on plant performance, 
potentially enabling the reduction or elimination of 
conservatism usually designed in to the plant, and taken 
account of in its operation. Clearly the details of this would 
be very system specific, but would appear to have the 
potential to deliver a more cost effective design and 
operating profile. 
x Electronics and control – the information coming from 
monitoring and sensors networks needs to be managed and 
used in control and systems. A key issue is to what extent 
control has to be central and how distributed control could 
be applied on nuclear plant. 
x Autonomous systems – the possibility of using 
autonomous robotic systems for degradation monitoring, 
inspection and repair.  
3.2 Consultancy Opportunities 
The Consultancy strand involves the application of both 
existing and novel technology to manage LCC. All nuclear 
systems undergo degradation, and it is the responsibility of 
the relevant plant/facility operator to manage this degradation. 
For existing plant, a key question is: how do you plan your 
activities to monitor and manage degradation? Over a range of 
facilities recent changes have been made to improve labour 
efficiency but retain the same general approaches. 
Optimisation based on the cost of degradation would provide 
a systematic method of putting these activities into 
perspective, and a defendable process framework for making 
decisions. One of the key decisions that would be relevant in 
the current commercial/contracting environment is focused on 
the cost of operating plants/facilities, primarily for the reason 
that it is now relatively common for a facilities management 
contract to be won on the basis of promised operating savings. 
A key threat to the satisfactory delivery of any contract of that 
type would be the ability to understand the LCC of 
degradation. The above needs, combined with the scale of the 
contracts, combine to create a potentially very significant 
market for a robust process to assess the LCC of degradation 
within existing plants/facilities.  
4. Opportunities for UK and international collaborations 
on nuclear through-life engineering services 
One of the most relevant activities in UK universities is the 
EPSRC Platform Programme, NNUMAN (New Nuclear 
Manufacturing) [6], which is carried out at University of 
Manchester Dalton Nuclear Institute supported by the Nuclear 
Advanced Manufacturing Research Centre/University of 
Sheffield. This project has 4 themes, 3 aimed at 
manufacturing technologies and one looking at the impact of 
manufacturing techniques on materials and component 
performance. This last work package is executed by the 
Materials Property Centre at Manchester. This large platform 
programme is a candidate for a beneficial collaboration with 
the TES Centre as it is complementary but also gives 
opportunities for completing the cycle of design, 
manufacturing, monitoring and maintenance. This potential 
linkage was chosen as the main focus for a first project 
proposal 
Other UK opportunities at higher TRL (Technology 
readiness level) are jointly with industry on TSB programmes 
such as the one that closed in September 2012 on 
“Developing the civil nuclear power supply chain”. 
Beyond the UK there are opportunities for collaboration in 
Europe with the FP8 fission programmes and with the USA 
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trough the Electric Power Institute and Department of Energy 
programmes on nuclear plant Proactive Management of 
Nuclear Plant Degradation. A particularly useful body for 
knowledge sharing in this area is the “International Forum for 
Reactor Aging Management” [8]. 
5. Recommendations for development of projects  
The approach recommended for first projects will be to 
minimise the costs imposed by degradation in nuclear plants 
by introducing new techniques which combine improved 
monitoring and predictability of degradation to provide for 
proactive measures to mitigate ageing and operational 
damage.   This is a novel approach for the nuclear industry 
and contrasts with historical approaches where limited 
information is obtained from components before problems are 
apparent and where mitigation has been necessarily reactive. 
This is not to imply that present nuclear plants are unsafe, but 
rather to utilize scientific knowledge to contribute to the 
improvement of their overall reliability and output, thereby 
increasing effectiveness and utility of investment in both the 
medium and long-term future. 
In addition to the research objectives there is the main 
impact objective of transferring the results of the project to 
the nuclear supply chain. This will be done through industrial 
partnerships in the project and links with the Nuclear AMRC 
and other industry organisations. The results will also be 
disseminated through publications and participation in 
conferences and events in though-life engineering services. 
A framework for carrying out such a project is summarised 
below: 
Task 1: Review how degradation is measured and 
predicted and identify the major shortcomings and 
uncertainties. 
Task 2: Propose how to fill the gaps in plant knowledge 
and prediction of degradation and reduce uncertainty in these 
through gap analysis, identification of where new technology 
can provide additional sources of information and 
improvement on degradation modelling and prediction 
Task 3: Develop models that estimate the costs and 
benefits of life cycle scenarios and options that address the 
cost of degradation and its minimisation with the implications 
for design and manufacture. 
Task 4: Quantify degradation processes and identify 
related degradation monitoring capabilities in detail which are 
specific to particular plant of interest. 
Task 5: Develop sensing and monitoring approaches for 
in-situ assessment of degradation for the specific plant with 
development of actual monitoring systems. 
Task 6: Develop and demonstrate logic and software 
models capable of monitoring degradation processes in 
operating plants  
 
The proposed project on degradation management will 
combine the leading life cycle engineering and nuclear 
research activities in a synergistic programme to deliver 
improved scientific understanding of nuclear plant 
degradation and innovative technologies that will be viable 
for commercial exploitation. Additionally, a key feature is the 
objective of collaborating with international programmes in 
LWR aging plant management including the International 
Advisory Committee for Irradiation Assisted Stress Corrosion 
Cracking, the International Forum on Aging Management, the 
EPRI Materials Reliability Program; participation in these 
projects is noted as a strategic imperative for the TES Centre 
to effectively acquire state-of-the-art materials degradation 
knowledge. Participation in these bodies will also allow UK 
access to these LWR related programmes that will be of direct 
benefit to operations of the future UK New Build fleet of 
reactors and play a key role in the emerging interest in small 
modular reactor and Generation IV advanced reactor designs 
as outlined in the recent DECC/BIS Long-term Nuclear 
Energy Strategy [9]. 
The proposed project is ultimately focussed on improving 
the efficiency and reliability of a nuclear plant. The approach 
is at the heart of the activities of the plant operators, reactor 
vendors, systems integrators and component fabricators, as 
well as the engineering service companies that support the 
industry. Previous lack of orders, and the focus on legacy 
issues and short-term plant performance has made the 
industry conservative and in need of innovation. Acceptance 
of new, proactive inspection-based technology will require 
assurance that the approaches being developed are viable and 
have clarity of structure. It should be noted, however that 
while the current levels of innovation in the nuclear industry 
are somewhat restricted, in the past, when new plant 
investment was significant and continuous, the nuclear 
industry used to lead in developing   risk reduced solutions 
and  technologies for inspection and structural integrity 
assurance.  The project aims to help restart this process by 
developing new solutions and by making available 
developments from other sectors that could be modified to 
meet the needs of the nuclear industry.  
This approach offers the opportunity for the newly formed 
TES Centre to build a core methodology on risk and 
knowledge based degradation management for the nuclear 
industry that will act as a base for building linkages into other 
closely related disciplines such as inspection, maintenance, 
and plant monitoring. The TES Centre works in many sectors 
such as aerospace, transport, defence, process, pharma and 
energy.  Incorporation of established best practices from these 
fields into nuclear will result in many operational and design 
and manufacturing improvements. Running the centre as 
multi-sector ensures that developments are shared across 
sectors and useful best practice is not confined to just one 
application.  
6. Conclusions 
The range of opportunities that could be addressed by the 
TLES Centre is large, even with  the constraint of keeping 
within its area of expertise,  and can cover research 
opportunities to develop new methodologies and technologies 
but there is also a substantial consultancy opportunity that 
would necessarily require a thorough understanding of the 
nuclear specific issues with plant. 
To be fully effective in the nuclear sector from the start the 
TES Centre needs to partner with one of more of the large 
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nuclear engineering centres in the UK, eg the Dalton Nuclear 
Institute at the University of Manchester and the Nuclear 
Advanced Manufacturing Research Centre managed by the 
University of Sheffield.  
An example proposal was prepared for submission to the 
EPSRC for a first project jointly with the University of 
Manchester entitled “Degradation optimised management for 
manufacturing in nuclear”. 
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